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Automatic globally distributed networks for monitoring ceived sporadic scientific attention during the last half of
aerosol optical depth provide measurements of natural this century as a measurement of regional air pollution
and anthropogenic aerosol loading, which is important in and for the uncertain impact on global climate. During
many local and regional studies as well as global change the last decade, renewed interest and greater under-
research investigations. The strength of such networks re- standing of aerosol processes have necessitated an em-
lies on imposi~g a standardization of measurement and phasis on monitoring by ground- and satellite-based re-
processing, allowing multiyear and large-scale compari- mote sensing approaches. Ground-based systems, while
sons, The development of the Aerosol Robotic Network generally considered simple, reliable, and necessary to
(AERONET) for systematic ground-based sunphotometer support satellite retrieval methodology through validation
~rements ,of ae;osol -optical depth is ,an essential and programs, have lacked consistent long-term support and
ev~lmng step m thts process. T~e groWtng data,base re- suffered from poor measurement and processing meth-
qutres the development of a conswtent, repr~ductble, a~d odology, resulting in fragmented data sets that are diffi-
system-wide cloud-screenmg procedure, Thw paper dw- cult to use for most scientific assessments (Forgan et al,
cusses the methodology and justification of the cloud- ) al ' I k '

, 1 ' h de 1 d .Ii h 'A ERONET da 1994 . Sever automatic aeroso measurement networ s
screernng a gont m ve ope or t e r1. ta- . d ' .

, have Impose a measurement standardization (Forgan,
base. The procedure has been comprehenstvely tested on . t ' ti 1998, H lb t al 1998, Tak, 1da b ' d ' diffi h ' 1 d pnva e commumca on, ,0 en e" , a-expenmenta ta 0 tame m t erent geograp tca an , . , .

t ' 1 d' ti 'l'L d .t ' ' 1 de b ' mura, pnvate commumcatIon, 1998; MIchalsky et al.,
op tca con tons. .L r~ese con t tons mc u tomass ,. .
burning events in Brazil and Zambia, hazy summer con- 1994; GAW, 1992). for theIr resp.ectIve mstrum~nts, M~a-
ditions in the Washington DC area, clean air advected surement, processmg, ~~ qualIty assura~ce IS ev.olVlng
from the Canadian Arctic, and variable cloudy condi- for all networks. One cntIcal aspect. of thIS evolUti?nary
tions, For various sites our screening algorithm elimi- process, common to all aerosol optical depth retnevals
nates from -20% to 50% of the initial data depending on from sun photometry networks, is separation of cloud-
cloud conditions, Certain shortcomings of the proposed affected data from cloud-free data.
procedure are discussed, @Elsevier Science Inc., 2000 For manual instruments, it is in principle very easy

to deal with the presence of clouds, Human observers
can detect clouds based on subtle textural and spatial

INTRODUCTION patterns and therefore do not make observations under
The temporal and spatial distribution of natural and an- those conditions, (~aufman and Fraser, 1983). Deploy-
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automatic cloud screening is that human observers can ence was given to several cases when an observer's re-
be inconsistent in their cloud-detection decisions. Proce- marks were available. For a variety of sites our screening
dures should be computerized and at the same time gen- algorithm eliminated from -20% to 50% of the initial
eralized as much as possible to be able to handle data data. Overall, with the exception of cases involving very \

sets associated with various and sometimes absolutely thin stable cirrus, the cloud-screening algorithm de-
different types of aerosol. Harrison and Michalsky (1994) scribed below produced promising results.
have developed an objective analysis algorithm for their r

Langley regressions. This algorithm, however, was de- ALGORITHM DESCRIPTION
signed for a multifilter rotating shadow-band radiometer.
Instruments of this type' have their own methodological In this section we describe our cloud-screening algo-
singularities and hence require a different measure- rithm and present a few examples of the data before and
ment protocol. after screening.

The AERONET federated network is the most glob-
ally distributed ground-based system resulting in a data- Data Quality Checks
base of widely variable atmospheric conditions. AERO- If the aerosol optical depth is lower than -0.01 at any
NET imposes standardization for measurement protocol, wavelength, we do not accept the corresponding 'ta. We
data processing, and calibration. By necessity, a reliable eliminate only measurements in that particular channel
and physically admissible automatic cloud-screening pro- where 'ta<-O.Ol, while preserving 'ta in all channels that
cedure is fundamental for !:he success of the program. yielded optical depths higher than -0.01 (Fig. 1).

The automatic sun/sky CIMEL radiometer CE-318 Negative values of aerosol optical depth are not
, acquires data regardless of sky conditions. The radiome- physical. However, these low optical depths might be
I ter makes only two basic measurements, either direct sun caused by calibration, temperature correction at the

or diffuse sky radiances, both within several programmed wavelength 1,020 nm, atmospheric pressure, and column
sequences. The direct sun measurements pose the most ozone amount uncertainties.
difficult screening problem and are the subject of this Values of stratospheric background aerosol optical
paper. depth in undisturbed conditions are about 0.005 at 500

The direct sun measurements are acquired in ap- nm, as summarized by Russell et aI. (1993). The Ang-
proximately 10 seconds across eight spectral bands, strom parameter for background stratospheric conditions
which are located between 340 nm and 1,020 nm (440 is about 1.6 (McClatchey et al., 1982). Spectrally this re-
n;rn, 675 nm, 870 nm, 940 nm, and 1,020 nm are stan- suIts in a change of 'ta from 0.009 at 340 nm to 0.002 at
dard). A sequence of three such measurements are taken 1,020 nm. These values are very close to our overall ac-
30 seconds apart to yield a triplet observation per wave- curacy estimates for freshly calibrated "reference" instru-
length. Triplet observations are made during morning ments (Eck et aI., 1999; 'ta uncertainties are higher for
and afternoon Langley calibration sequences at precom- the field instruments). Therefore, under the clearest
puted optical airmass values and at standard 15-minute (lowest 'ta) conditions, with little tropospheric aerosol
intervals in between. The temporal variation of cloud op- present, the uncertainty in computed 'ta may result in
tical depths is typically greater than that of aerosols, slightly negative 'ta values, whose differences are still sta-
causing an increase in the observable variation in the tistically insignificant from zero.
triplets (Holben et aI., 1998). Because measurements made during low sun eleva-

We used two major criteria in our cloud-screening tion angles have a higher chance of cloud contamination
procedure. First, we retained stable triplets (all wave- (due to a decreased probability gap for vertically devel-
lengths) to eliminate high-frequency c~anges. Second, oped clouds) and so as not to unduly weight daily aver-
we eliminated rapid temporal optical depth diurnal varia- ages with the higher frequency data acquired during the
tions ("spikes") between selected triplets by applying a Langley sequence (Holben et al., 1998), 'ta().) for air
root mean square second derivative threshold. From a mass m>5 are not considered in the screened database.
physical point of view, 'ta().) cannot undergo large rapid However, the initial database remains intact and avail-
changes (except in narrow plumes), and some smooth- able for low sun data analysis.
ness in time and space can be expected. The smoothness
criterion is based on the idea of limiting ~udden in- Triplet Stability Criterion
creases and decreases of optical depth. A measurement triplet taken with the CIMEL sun/sky

The procedure was tested on experimental data ob- radiometer consists of three measurements, each made
tained in different geographical and optical conditions. 30 seconds apart over a total of a I-minute period. We
These include biomass burning events in Brazil and presume that the aerosol optical depth in the total atmo-
Zambia, hazy summer conditions in the Washington DC spheric column should vary by less than 0.02 within one
area, clean air advected from the Canadian Arctic, and triplet for all wavelengths if the atmosphere is to be con-
variable cloudy conditions. A certain degree of prefer- sidered stable and cloud-free. In other words, ('tmu-

,
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-rmin)<0.02 for triplets defines -rjgood (eliminate high-fre- For such conditions the variability of optical depth within
quency temporal unstability). When a triplet is identified 1 minute at any wavelength for -r.<0.7 was always lower
as good, we use the average -r. value of the three mea- than 0.02. When optical depth is high (biomass burning,
surements as our cloud-screened value of -r.. If the trip- extremely hazy conditio~s, etc.) we allow triplet variabil-
let variability exceeds our threshold at any wavelength, ity to be a maximum of 0.03-r.. Thus, ~~ accept measure-
we eliminate the measurement at all wavelengths com- ments with a triplet variability of either 0.02 or 0.03-r.
pletely. (whichever is higher). Empirically we found that in con-

Figures 2a and 2b present an example of aerosol op- ditions of biomass burning and extremely high loading
tical depth diurnal variability [at Goddard Space Flight (optical depth higher than 2) normally (-rmax--rmin)<0.03-r.
Center (GSFC) in Greenbelt, MD] before and after ap~ at all wavelengths.
plication of the triplet criterion. Visual observations indi- Figure 3a presents the results of optical depth mea-

'. cate thin cirrus clouds were developing throughout the surements carried out in Litoya, Zambia during condi-
day, becoming thicker about 1700 GMT, then dissipating tions of highly variable biomass burning (with smoke
and developing again. Several "cloud-contaminated" plumes imbedded in a regional haze). Measurements

'" points in Fig. 2b not elirpinated by the criterion of triplet were made at intervals of 60 seconds during a 4-hour ,
stability were nonetheless screened out after the criteria period in the presence of a human observer. The highly
discussed in the next sections were applied. variable aerosol optical conditions may be considered as

The justification for the 0.02 threshold is based on a "worst case scenario" for the triplet test. A single band
empirical evidence. Since atmospheric variability will of cirrus cloud was observed only once at about 1235
dominate the triplet test, we analyzed the triplet variabil- GMT. Due to the very high aerosol loading some cirrus
ity in various optical conditions we believed to be cloud- might have gone undetected, but they would have been
less (dust outbreaks, maritime, rural, and urban aerosol). of relatively low optical depth. As one would expect for

,
i
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a smoke aerosol, the most variable channel appears to be the average second derivative increases substantially in
340 nm. At the longest wavelengths, the aerosol optical the presence of such oscillations.
depth shows much less variability. This is typical for con- It should be noted that limiting the average deriva-
ditions of biomass burning, since the size distribution is tives of physical characteristics is traditionally used in
dominated by small particles. The computed threshold of methods of constrained inversion in remote sensing (e.g.,
the maximum variability [i.e., 0.03T.(340 nm)] and the see Twomey, 1977). There, such smoothness restrictions
corresponding "measured" T.(340 nm) range over a are successfully applied in retrieving aerosol particle size
I-minute period is presented in Figure 3b. In only 8% distributions or atmospheric vertical profiles to eliminate
of the measurements dQes the "measured" variability ex- artificial local oscillations related to error effects. In our
ceed the computed ("assumed") threshold at this most cloud-screening algorithm we have adopted the smooth-
sensitive wavelength. We would like to reiterate that ness evaluation strategy developed in the method of con-
aerosol optical conditions in Litoya were highly variable strained inversion. Thus, we assume that a norm of the
on this date due the presence of nearby smoke plumes. second derivative of optical depth with time should not

We made additional tests of our triplet variability exceed a certain threshold [i.e., see Eq. (1)]:
criteria on measurements made in conditions of biomass 12(ij2 t ))2 burning and high aerosol loading. Excluding all the data (D2)2= f --!j.- dt~D~riti"' (1)

with low T.(}.) [using T.(500 nm)<0.40 as a boundary 'I
condition], we considered measurements of aerosol opti- where D~ritic is a priori defined and corresponds to the
cal depth made in Mongu, Zambia during several months maximum expected variability of aerosol optical depth. In
in 1997. Overall, 1,225 measurements were tested for addition we restrict the logarithmic second derivative of
triplet variability. Figure 4a presents a histogram of the optical depth [in a manner similar to the smoothness
triplet variability ranges, both "measured" and "assumed" constraints employed by Dubovik et al. (1995)]. The uti-
at the 340-nm wavelength. The most important conclu- lization of a logarithmic derivative ensures a coherent
sion that we are able to make is that our assumed thresh- threshold D in cases of both low and high optical depth.
old of 0.03 T. allows more triplet variability than required We feel that the use of absolute derivatives (d2T/df)
in most cases. Indeed, our "assumed" range histogram is would not be realistic inasmuch as one expects magni-
shifted with respect to .the "measured" histogram, and in tude-dependent fluctuations of optical depth in clear to
almost 40% of all cases considered the measured triplet very hazy conditions. Fixed thresholds in logarithmic
range is smaller than 0.02. Figure 4b presents a histo- space help to overcome this problem accordingly. This is
gram of the T.(340 nm) values for the corresponding data clearly seen in the simple relationship between the loga-
set. More than 85% of the T.(340 nm) values were higher rithmic and linear derivatives as seen in Eq. (2):
than 0.75, due to the criterion of T.(500 nm»0.40 and
due to the fact that the wavelength exponent of smoke ~=~ ~ (2)
typically ranges from 1.7 to 1.9. dt T(t) dt

Taking into account that the measurements of opti-
Diurnal Stability Check cal depth are taken in n discrete moments of time, we
If the standard deviation of the averaged aerosol optical used differences instead of analytical derivatives. Finally,
depth at 500 nm (or 440 nm, if 500 nm is not available) for operational purposes, we defined an index D (first
for an entire day is less than 0.015 (after triplet variabil- derivatives difference) similar to the norm of second de-
ity screening), then we stop the screening and accept all rivative D2 [see Eq. (3)]:
the remaining measurements. 2

Because the estimated accuracy of our newly cali- D= --.!.--L [LnTj-LnTI+l_LnTI+1-LnTj+2 ] ~I6 (3)
brated field instruments is about ::to.OI in T. (Holben et (n-2) tj-tj+1 tj+l-tj+2

, al., 1998), it is not necessary to check the rest of the data If D> 16 we find ilie term with the maximum input to
. since the diurnal variability is less than or similar to the D and eliminate the maximum optical depth associated

measurement accuracy. with it. We then apply the diurnal stability check again
(described earlier) and repeat it every time we reject a

Smoothness Criteria measurement according to our smoothness criteria. ;

The smoothness criterion (of a time series) is based on When the number of measurements in a day is reduced
limiting the root mean square of the aerosol optical to only one or two, we then reject that day. When the
depth second derivative with time. The first deriyative number of measurements remaining is three (after crite-
yields the rate of temporal change (both negative and ria 1 through 3 have been applied); we apply the
positive). The second derivative defines the variability of smoothness criteria. If D> 16 we reject that day. Other-
that tendency and, consequently, it is very sensitive to wise we accept it and go to the next criterion.
the local oscillations of optical depth caused by clouds: Our threshold (D~I6) is founded on experimental

.
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data obtained in various optical conditions: biomass higher values at lower -r.. Empirically we found that the
burning aerosol, extremely hazy urban/industrial condi- number of points with D>20 may vary depending on the
tions, clean maritime, and background continental air. data set considered. But the number of points within the
Figure 5a shows an example based on several hundred D<20 population with 16<D=20 was consistently -5%.
measurements in Cuiaba, Brazil and at Goddard Space D is less than 16 in about 95% of cases with D<20 and

f Flight Center in Greenbelt, MD. Parameter D, as one usually less than 10 when -r.(500 nm) is higher than 0.5.
can see, is somewhat dependent on -r.(500 nm) with The corresponding histogram is shown in Fig. 5b.
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We would like to emphasize that application of the neous T. measurements per day eliminated by the D cri-
"D" (second derivative) criterion does not bias our daily terion (on those days when it was invoked). In the
averages. For the GSFC database, we analyzed about overwhelming majority of cases, the D criterion elimi-
850 days and found that the smoothness criterion was nated only one or two measurements per day. Figure 6b
invoked on only about 10% of those days. Figure 6a pre- shows that for the days affected by the smoothness crite-
sents a histogram that shows the number of instanta- rion (i.e., 10% of all the days), only a small number of
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the associated daily averages show T.(500 nm) differences ficulty induced by th~ presence of parasitic light in a

(before and after the D criterion) higher than 0.02. sunphotometer signal is simply that the optical depth

Therefore, the application of the second derivative over wavelengths characteristic of the leakage band can

screening has relatively little impact on the daily T. aver- be significantly different from the optical depth associ-

age for the majority of days. ated with the nominal filter band.

Figure 7 presents an example of the application of In dealing ~th this problem on a case by case basis, ,
the smoothness criteria to real data, and Fig. 7b shows we empirically found that if the measured voltage is

how the data with large tell'lP°ral changes ("spikes") have smaller than 50 counts the measurement should be re-
been eliminated. . jected. After weak signals associated with out-of-band

leakage were removed, the diurnal variability are realistic
Three Standard Deviation Criteria and in general much less susceptible to the influence of

In this step we check if any measurements fall outside this obvious spectrally dependent signal artifact. It is

of the 3a range about the mean of T.(500 nm) as well as worth noting that we did not encounter this problem

for the Angstrom parameter a (estimated using least- after deployment of the ion-assisted deposition filters in

square regression in the 440-870-nm range), taken over 1997, which obviously have better blockii:1g of parasitic

the entire day [i.e., T.(500 nm):t3a and a:t3a]. For a out-of-band signal.

normal distribution (see, for example, Panofsky and Figure 8 presents an example of the application of

Brier, 1968), the probability of obtaining a value deviat- the cloud-screening algorithm to real data. The scat-

ing from the mean of a given sample by more than 3a tergram shows the variability of the Angstrom parameter

is equal to 0.003. In other words, all measurements that for the unscreened (Fig. 8a) and cloud-screened (Fig.

differ fro~ the.mean by 3a (or gr.ea~er) could be consid- 8b) instantaneous aerosol optical depth measurements

ered as hIghly Improbable and elimmated. taken in Los Fierros, Bolivia from May 4 till September

1, 1998. This measurement period covers the preburning

DISCUSSION and burning seasons, thus a variety of optical conditions

.. .. were observed. One may observe from Fig. 8 that the
Certain shortcommgs of our screemng algonthm are ap- obvious cloud contaminated data were eliminated since

pare~t. To ~reate a scheme ~a~ is as general as possible, cloud exhibits Angstrom parameter values near zero or

we did not Impose any restrictions on the Angstrom pa- even negative due to the large droplet/crystal sizes. We

rameter. A possible check for cloud contamination would would like to emphasize again that we did not impose

be to confine the An gstrom Parameter variabili ty de- .fi li .
tati th A tr t b tany specl lC ml ons on e ngs om parame er u

pendin g on site and prevailing type of aerosol. For exam- 1 t al . b'l 'ty f ti al d th A . on y on empor vana 11 0 op c ep. pproXl-

pIe, in continental turbid conditions (aerosol optical t 1 751)1 f th . .ti' al d t . d afit th 1 dd th h. h th 0 5-0 7 500 ) uld . ma e y -/0 0 e ml a a remaIne er e c ou
ep Ig er an. . at nm we co restnct .

b 1 h 0 5-0 7 fi 1 dl di . screemng.a to e arger t an, say,. . or c ou ess con tions.
W Id lik ak fi fi al d. e wou e to mea ew m comments regar -

Measurements WIth almost neutral T. spectral depen- . .. .
d Id th b t ti all d 1 t d 1 d mg our cloud-screemng and quality control algonthm.

ence wou us e au oma c y e e e as c ou con-
t . t d H h t ti fiilt . k Our paper deals with the quality control and cloud
amma e. owever, suc au oma c enng may wor

11 fi .t b t t th I dditi .t Id screenin g tools for a specific database and a Specific in-
we or one SI e u no ano er. n a on 1 cou
jeopardize the detection of some unusual events, such as strument (CIMEL sun/sky radiomet~r). and associated

the large-scale transport of dust from Mongolia to the ~easurement se.quence. Therefore. thIS IS not a general-

west coast of the United States (e.g., Tratt et al., 1999). lzed model, whIch would be applied to all types of T.

Also, we may miss some interesting aerosol optical situa- measurement sy~tems: .. .

tions at sites which do not conform to the statistics de- Error analysIs of mdiVldual measurements IS not the

\ fined by the' a priori knowledge of aerosol optical prop- focus of this paper. However, Schmid et al. (1999) show

erties. that agreement in aerosol optical depth measured by Cl-

One more data quality check was done specifically MEL and other instruments in field experimental condi-

for high-turbidity conditions. In certain cases when aero- tions is within 0.015 (rms). Holben et al. (1998) and Eck "

sol optical depth was usually higher than 1.5 an out-of- et al. (1999) present careful assessments of the overall

band leakage artifact has been observed in the shortest accuracy of the CIMEL sunphotometer due to calibra-

wavelengths. The presence of parasitic light in the sun- tion uncertainty and lack of surface pressure data and ac-

photometer signal led to early morning and afternoon tual ozone column amount. Typically, the total uncer-

"drop-offs" in the diurnal behavior of aerosol optical tainty in T.().) for a newly calibrated field instrument for

depth. This simply means the signal was higher than it cloud-free conditions is <:to.Ol for ).;a.440 nm and

should be, and hence the apparently anomalous low < :to.02 for shorter wavelengths. This by no means

aerosol optical depths were registered. The essential dif- should be construed to mean that an instrument from
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Figure 7. Diurnal variability of aerosol op- 0 ::
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C GSFC, Greenbelt, MD before (a) and

after (b) screening criterion 4 (smoothness .
criteria) was applied. time GMT
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Los Fierros, Bolivia, 1998
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aerosol optical depth (500 nm) cloud-screening algorithm was applied.
'i

the field after pre- and postfield calibration, reprocess- SUMMARY
ing, and filtering through the cloud-screening algorithm . .. .
would have accuracy ~::tO.O1 in aerosol optical depth for The pn~cIpal conclusIons drawn from thIS study can be
all wavelengths. The final accuracy depends in part on summanzed as follows:

the field history, including mechanical, electrical, and op- 1. A cloud-screening algorithm for the AERONET
tical integrity during the field measurements. aerosol optical depth database was created, com-
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prehensively tested, and implemented. The corre- Harrison, L.., and Michalsky, J. (1994), Objective algorithms for
sponding flow diagram (Fig. 1) describes the pro- the retrieval of optical depths from ground-based measure-
cedure. The two principal threshold criteria are ments. Appl. Opt. 33:5126-5132. .

I both related to temporal variations of T.. One (the Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., BillS, J. P.,
t . I t t bil'ty .t . ) . 1. d t h rt ti. Setzer, A., Vermote, E., Reagan, J. A., Kaufman, Y. J., Na-npe sa I cnenon IS apple os 0 me.. ..

. d . b'li ( 1 . ) d th th kaJlma, T., Lavenu, F., JankoWIak, I., and Smlrnov, A.
( peno vana I ~ . mmute an e o. er. (1998), AERONET-A federated instrument network and

(smoothness cntenon) to hourly and diurnal time data archive for aerosol characterization. Rem.. Sens. Env.

period variations of T.. 66:1-16.
2. The conditions imposed on aerosol optical depth Kaufman, Y. J., and Fraser, R. S. (1983), Light extinction by

diurnal variability are not excessive and do not aerosols during summer air pollution. J. Clim. Appl. Met.
strongly bias the computation of daily averages. 22:1694-1706.
The proposed algorithm can be applied to any Markham, B. L., Schafer, J. S., Holben, B. N., and Halthore,
site of the AERONET network inasmuch as the R. N. (1997), Atmospheric aerosol and water vapor charac-
paradigm was developed across an ensemble of teristics over north central Canada during BOREAS. J.
network sites and aerosol conditions. Geoph.. Res.. 102:29,737-29,745.

3 S. t al . ti f .d tifl d McClatchey, R. A., Bolle, H. J., and Kondratyev, K. Ya. (1982),
. mce empor vana ons 0 T are I en e as . . . .. . A prelimmary cloudless standard atmosphere for radiation

cloud contamination, It is noted that some cases t ti I t Rad. ti C Rep B Id CO USAd b compu a on, n. ~a on om.. .., ou er, , ,
of. variabl~ aerosol plumes will be sc~eene y pp. 78-104.
thIS algonthm. Conversely, stable umform cloud Michalsky, J. J., Schlemmer, J. A., Larson, N. R., Harrison,
will pass the algorithm thresholds and be identi- L. C., Berkheiser III, W. E., and Laulainen, N. S. (1994),
fled as cloud-free. However, we emphasize that Measurement of the seasonal and annual variability of total
the original (nonscreened) database for AERO- column aerosol in a northeastern US network. In Proceed-
NET sites is also available on the Web page ings of the International Specialty Conference Aerosols and
http://aeronet.gsfc.nasa.gov:8080/. Atmospheric Optics: Radiative Balance and Visual Air Qual-

ity; Vol. A, Snowbird, UT, September 26-30, Pittsburgh,
. FA, pp. 247-258.
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